We describe the expression of the transcription factor GHF-1IPIT-1 in adult porcine adenohypophysis by a nonradioactive in situ hybrydization (ISH) method using a digoxigeninlabeled &DNA probe corresponding to the entire coding region of rat GHF1. GHF-1 transcripts were found in 71.7% of adenohypophyseal cells. We also report the simultaneous detection of GHF-1 mRNA and pituitary hormones by combined ISH and immunocytochemistry (IC) in dispersed adenohypophyseal cells, detected with an alkaline phosphatase-"/ BCIP technique and with an immunoperoxidase-3-amino-9-ethylcarbazole (AEC) method, respectively. The combination of the two techniques neither abolished nor diminished their sensitivity or specificity. GHFl is e x p r e s s e d in all five of the cell types in the adult porcine adenohypophysis, showing that this method is suitable for simultaneous detection of transcripts and proteins at the single-cell level. (J Hisrochem Cytochem 44:621-627, 19%) 
Introduction
The expression of pituitary hormone genes is controlled by transacting factors that modulate transcription by interacting with cisactive sites in gene promoters and confer tissue-specific expression. One of these regulators, the pituitary-specific transcription factor GHF- UPIT-1 (Castrillo et al., 1989; Bodner et al., 1988; Ingraham et al., 1988) , referred to here as GHF-1, belongs to the large POU domain family that shares two conserved regions known as the POUspecific domain and the POU homeodomain, characteristic of a superfamily of developmental regulatory proteins (Theill et al., 1989; Herr et al., 1988) . The POU-specific domain is important for sitespecific DNA binding and for protein-protein interactions between POU domain proteins and other transcription factors (Rosenfeld, 1991; Ingraham et al., 1990b; Theill et al., 1989) .
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(TSH) phenotypes. Therefore, GHFl expression is highly correlated with the onset of GH and PRL production (Doll6 et al., 1990 ) and the expression of GH, PRL, and TSH genes is reduced or completely blocked in transgenic dwarf mice (Doll6 et al., 1990; Li et al., 1990) .
GHF-1 also appears to mediate the effect of major hypothalamic regulators on pituitary gene expression. GHFl has been shown to transduce the thyrotropin releasing hormone (TRH)/Ca2+ signal to the PRL promoter by binding to at least one of the four GHF-1 response elements in the rat PRL proximal 5'-flanking DNA region (Mangalam et al., 1989; Ingraham et al., 1988; Nelson et al., 1988) . Effects of growth hormone releasing factor (GRF) on GH expression is likely to be mediated via regulated transcription of GHF-1 (Theill and Karin, 1993) , which binds to two DNA elements within the GH promoter region (Bodner and Karin, 1988; Lefevre et al., 1987; West et al., 1987; Ye and Samuels, 1987) . In the human TSHP gene promoter, three GHF-1 binding sites have been reported (Steinfelder et al., 1991,199213) that confer TRH-stimulated transcriptional activity as well as basal enhancer activity (Shupnick et al., 1992; Steinfelder et al., 1992a; Mason et al., 1993) .
The presence of GHF-1 protein and mRNA has been widely demonstrated in these three pituitary cell types in rodents (Doll6 et al., 1990; Ingraham et al., 1990a; Simmons et al., 1990; Bodner et al., 1988) and in human normal pituitary and pituitary adenomas (Asa et al., 1993; Delhase et al., 1993; Friend et al., 1993; Inada et al., 1993; Lloyd et al., 1992) . In one of these studies, Simmons et al. (1990) , by in situ hybridization (ISH), described the existence of GHF-1 mRNA also in gonadotropes (GtH) and corticotropes (ACTH) in adult rat pituitary, although no GHFl protein was detected in these cell types by immunocytochemistry (IC).
The aim of the present study was to investigate the expression of GHF-1 in the adult porcine adenohypophysis. For this purpose and to elucidate the pituitary cell types containing GHF-1 transcripts, we have developed a nonradioactive ISH technique combined with IC for pituitary hormones.
Materials and Methods
Materials. The following materials were obtained from the indicated sources: DNA and Oligonucleotide Labeling and Detection kits were purchased from Boehringer Mannheim (Mannheim, Germany). Rabbit antiserum to ovine growth hormone (anti-oGH) and ovine growth hormone were obtained from UCB Bioproducts (Braine Ulleud, Belgium). Rabbit antisera to human prolactin (anti-hPRL), human P-thyrotropin (anti-hpTSH), human adrenocorticotropin [ 1-39] (anti-hACTH1-39). human &luteinizing hormone (anti-how), human P-follicle-stimulating hormone (anti-hpFSH), and the corresponding hormones were kindly provided by Dr. A. F. Parlow (UCLA Medical Center, Torrance, CA) and the NIDDK (National Hormone and Pituitary Program, University of Maryland School of Medicine, Baltimore, MD). 3-Amino-9-ethylcarbaole (AEC) was purchased from Bio-Genex Laboratories (San Ramon, CA). Proteinase K, formamide. dextran sulfate, salmon sperm DNA, RNAses, bovine serum albumin (BSA), and all other chemical compounds were obtained from Sigma (St Louis, MO).
Probe Preparation. Two GHFl probes were used for ISH (a) The HindIII-Not-1 920-BP insert of rat GHF-1 full-length cDNA subcloned into pBluescript SK(-) as described previously (Theill et al., l989) , and (b) a 29-base oligonucleotide corersponding to nucleotides 284-312 coding for amino acids 56-64 of rat GHF-1. For the cDNA probe, large-scale plasmid preparation was performed using DHla-competent cells and thereafter purified. The plasmid was digested and the 920-BP insert was fractionated electrophoretically through an 0.8% agarose gel. Thereafter, the isolated fragments were highly purified. The fragments were then labeled with digoxigenin-dUTP by the random primer extension technique (Gebeyehu et al., 1987; Feinberg and Vogelstein, 1983) . The oligonucleotide probe was enzymatically tailed at its 3'-end with a mixture of digoxigenin-dUTP and dATP by the terminal transferase method (Schmitz et al., 1991) .
Animals and Tissue Preparation. Large-White sows (5-6 months old) were used. The animals were electrically stunned in the slaughterhouse. They were immediately decapiFated and the pituitary glands dissected out and transferred into sterile cold medium (4"C), the anterior and posterior lobe being separated.
Anterior pituitaries were enzymatically and mechanically dissociated according to the protocol described elsewhere (Torronteras et al., 1993a, b) . After dispersion, cells were suspended in 0.01 M phosphate buffer, pH 7.2, containing 130 mM NaCl (PBS). Five thousand cells in 50 PI PBS were plated on silanized glass slides and then air-dried briefly. Cells were then fixed for 15 min in 4% paraformaldehyde at room temperature (RT) on a shaker, rinsed in several baths of PBS, dehydrated in a graded series (50%, 70°/o, 95%, and loo%, 2 min each) of ethanol, and stored at -70°C until ISH.
In Situ Hybridization. Slides were rehydrated by sequential 2-min baths in loo%, 95%. 70%. and 50% ethanol, rinsed with PBS, and then incubated with PBS containing 0.05% Triton X-100 for 10 min at RT. After several washes in PBS, slides were treated with proteinase K at a concentration of 1-10 pg/ml in PBS for 5-30 min at 37'C. After one 5-min wash in 2 mglml glycine in PBS and two 5-min changes in PBS, cells were postfixed in 4% paraformaldehyde for 5 min. Subsequently, the slides were washed twice in PBS, dehydrated through graded alcohols, and air-dried.
Prehybriditation was done by adding 400 pllslide of hybridization buffer (5 x SSPE, 50% formamide, 0.1% SDS, 5 x Denhardt's solution, 0.25 mglml salmon sperm DNA, 0.20 mg/ml yeast tRNA, 2 pglml poly-A, and 4% dextran sulfate; 5 x SSPE = 0.75 M NaCI, 0.05 M NaH2P04, 5 mM EDTA, pH 7.4; 5 x Denhardt's solution = 100 mg Ficoll. 100 mg polyvinylpyrrolidone, 100 mg BSA in 100 ml water) without probe and incubating the slides in a humid chamber at 37-42'C for 2 hr.
After removing the prehybridization solution, 200 )rl of hybridization buffer containing 200 ng probe per ml was placed on each slide. The slides were covered with coverslips and incubated in a humid chamber at 37742°C for 16 hr. At the end of the incubation, slides were washed in 2 x SSC (1 x SSC = 0.15 M NaCI, 0.015 M Na-citrate, pH 7.4) for 1.5 hr at RT, followed by 1 x SSC for 1.5 hr at RT, 0.5 x SSC for 30 min at 37-42'C, and 0.5 x SSC for 30 min at RT.
Immunological Detection of Hybridized Probe. Slides hybridized as indicated above were rinsed in Buffer I(O.l M Tris, 1 M NaCI, pH 7.5), and then incubated in the same buffer containing 2% BSA and 0.3% Triton X-100 in a humid chamber for 30 min at RT. Thereafter, slides were incubated with the alkaline phophatase-labeled anti-digoxigenin F(ab) fragment diluted 1:500 in Buffer I for 4 hr at RT and then rinsed in three 10min baths in Buffer I. After washing in Buffer I1 (0.1 M Tris, 0.1 M NaCI, 0.05 M MgC12, pH 9.5; 2 min), cell-bound alkaline phosphatase (AP) activity was visualized by incubating slides with the color solution [ 10 ml Buffer II,45 pl of 75 mg/ml nitroblue tetrazolium salt (NBT), 35 p1 of 50 mglml 5-bromo-4-chloro-3-indolyl phosphate (KIP), 2.4 mg levamisole] for 16 hr at RT. Color reaction was stopped by rinsing the slides in Buffer I. Finally, slides were dehydrated in a graded series of ethanol and mounted in Eukitt.
Specificity of hybridization was controlled by pretreatment of the slides with pancreatic RNAse A (200 pglml) and RNAse TI (150 Ulml) for 45 min at 37'C before prehybridization. or by omission of the probe in the hybridization solution. An additional negative control was carried out using a nonexpressing cell line (human monocyte cell line THP-1; ECACC No. 88081201). All negative controls were processed concurrently with specimens using identical protocols. Double Labeling. Double immunodetection of hybridized digoxigeninlabeled probe and pituitary hormones was possible because of the different origin of the antisera used: sheep polyclonal antiserum for digoxigeninlabeled probe, rabbit polyclonal antisera for pituitary hormones, and goat polyclonal secondary antiserum.
When the double labeling method was to be carried out, slides were incubated in Buffer I containing both the AP anti-digoxigenin antiserum Antibodies were incubated overnight at 4'C and the slides were then rinsed in three 10-min baths of Buffer I. After staining for cell-bound AP-labeled probe as described above, the slides were successively incubated first with goat anti-rabbit IgG (1:100, 1 hr, RT) and then with a peroxidase-antiperoxidase complex (PAP, 1:100, 1 hr, RT). After several washes in Buffer I, peroxidase (HRP) was revealed with AEC as a red color reagent (0.8% AEC, 0.03% H202 in 0.05 M acetate buffer, pH 6).
Specificity controls for IC were carried out as follows: (a) omission of the specific antiserum, and (b) the specific antiserum was preadsorbed with its corresponding homologous hormone (hPRL, ovGH, h m H , hACTHi-39, hPFSH, hoLH, 2 x 10" M). In the case of immunostaining for thyrotropin and gonadotropins (LH and FSH), the antisera were adsorbed previously with the a-subunit (10" M). For double labeling, combined controls of both techniques were carried out.
Single Labeling for GHF-1 Protein. For detection of GHF-1 protein, a polyclonal rabbit antiserum against GHFl was used (Bodner et al., 1988) , following virtually the same method as that described above for the adenohypophyseal hormones. However, peroxidase was developed with 0.05 % DAB/O.15% H202 in Buffer I.
The percentage of single (ISH or IC) and double-labeled (ISHIIC) cells was evaluated on at least three slides from separate cell dispersions and hybridized on different days. The proportion of hybridized or immunostained cells was estimated with the aid of a x 40 objective lens, and 300-500 cells were counted for each cell type. Slides were examined by the same operator, who did not know which treatment the cells had received.
Results

In Situ Hybridization
Qualitative results were equivalent with both the cDNA GHF-1 probe and the 29-base oligonucleotide coding for amino acids 56-64 of rat GHF-1 (outside the POU-specific and POU homeodomain regions), but the former provided the greatest quantitative signal. Therefore, studies of GI-IF-1 expression were further carried out with the cDNA probe, which revealed reaction in 71.7% of porcine adenohypophyseal cells. Critical conditions for optimal hybriditation were as follows: (a) pretreatment of slides with 5 pglml proteinase K for 15 min at 37°C. which allowed probe penetration without damaging cell structure, and (b) incubation with the labeled probe at 42'C, which provided a stronger hybridization signal than at 37°C. Under these conditions, hybridization was observed as a blue-purple precipitate in the cytoplasm of many porcine pituitary cells ( Figure 1A) . The hybridization signal was specific, because no reaction was observed when cells were pretreated with RNAse ( Figure 1B) or incubated without probe ( Figure IC) . Similarly, no THP-1 cells were labeled under optimal hybridization conditions ( Figure ID) :
ISH labeling was sometimes restricted to the cell nucleus (Figure 2A) . When an antibody against rat GHF-1 protein was used for single detection of GHF-1 protein, a brown precipitate in the nucleus, corresponding to GHF-1 protein binding to DNA, was observed ( Figure 2B ). Immunoreaction to GHF-l protein was found in 72.2% of porcine pituitary cells.
Double Labezing
Double ISH for GHFl probe and IC for porcine adenohypophyseal hormones and GHF-1 protein was possible only when cell-bound AP-labeled probe for ISH was revealed before application of second antibodies of the IC procedure. The background given by the two techniques was very low, and the level of each labeling was the same as that obtained in single-labeling experiments.
Application of double ISH and IC to dispersed pituitary cells demonstrated that all porcine pituitary cell types contained GHF-1 transcripts. In double-stained cells, double labeling was visualized by an intense mixed color of bordeaux red ( Figure 3A) . Specificity of double labeling was demonstrated for ISH and IC separately or by combined specificity controls for both techniques. Thus, immunolabeling decreased markedly when the first antiserum was preadsorbed with 2 x M of the corresponding hormone whereas ISH labeling intensity remained the same as for single hy-bridization ( Figure 3B) . Similarly, immunocytochemical signal for pituitary hormones was present in RNAse-treated slides ( Figure 3C ) or when the labeled GHFl probe was omitted ( Figure 3D ).
The percentages of immunoreactive GH. PIU, TSH, ACTH and GtH cells in the porcine pituitary reported here (Table 1) are similar to those previously described for dispersed cells (Torronteras et al., 1993a,b) . For GH cells, a high percentage of GH-immunoreactive cells were also labeled for GHFl mRNA (Eble 1; Figure 3A ), representing 32.3% of total GHFMabeled cells. Howewr, our results demonstrated that PRL cells represented the most abundant cell type containing GHF-1 mRNA from total GI-IF-1-positive cells (46%) (Table 1; Figure 4A ). Most of the TSH-and GtH-immunoreactive cells also displayed mRNA labeling ( Table 1 ; Figures 4B and 4C) . Of all the cell types, ACTH cells showed the lowest percentage of double-labeled cells (Table 1; Figure 4D ).
Discussion
The present results demonstrate the expression of the pituitary transcription factor GHFWPit-1 in the cell types of adult porcine adenohypophysis by a double-labeling protocol that combines a nonradioactive enzymatic ISH technique and an immunoenzymatic cytochemical method.
Recently, nonradioactive probes have been used in ISH studies. Compared to radioactive ISH, enzymatic ISH techniques avoid the inconveniences linked to the use of radioisotopes (e.g., biohazard, precautions associated with radioprotection), in addition to the fact that the development time is much shortened. On the other hand, the efficiency of the digoxigenin-AP and isotopic detection methods is comparable in terms of both resolution and sensitivity (Miller et al., 1993; Hoffler, 1990) . The development of the optimized protocol of fixation and ISH staining reported here has enabled us to demonstrate specific hybridization in porcine pituitary cells using a digoxigenin-labeled probe for rat GHF1. Furthermore, subcellular localization of ISH signal was achieved by the optimal preservation of cell structure, so that the cellular distribution of GHFl mRNA could be observed. Therefore, although ISH signal was mostly detected in the cytoplasm of porcine pituitary cells, in some cases labeling was restricted to the nucleus. On the other hand, GHF-1 protein, as revealed by IC, was mainly 10cated in the cell nucleus, indicating GHFl binding to DNA and supporting the role of this transcription factor as a regulator of gene expression (Bodner et al., 1988) .
The specific ISH reaction for GHF-1 mRNA and the IC detection of GHF-1 protein using rat probes (cDNA or oligonucleotide) and an antiserum against rat GHF-1, respectively, demonstrate the similarity between rat and porcine GI-IF-1. Indeed, this transcription factor appears to be highly conserved in vertebrates (Martinez-Barberi et al., 1994; Elsholtz et al., 1992) .
Double-labeling techniques are useful and precise methods for determining co-localization of mRNA and proteins (Trembleau et al., 1993) . In our case, the different origin of the antisera used (i.e., sheep polyclonal antiserum for digoxigenin-labeled probe and rabbit polyclonal antisera for pituitary hormones) allowed the simultaneous incubation of both antisera, therefore reducing the procedure time. As previously reported (Trembleau et al., 1993; Ichiyama et al., 1989) . our results confirm that there is no interaction between the peroxidase and alkaline phosphatase detection systems.
Moreover, neither the ISH signal for GHFl mRNA nor IC for pituitary hormones was reduced when both techniques were applied together. The percentages of immunoreactive cells for each cell type, quantified in double-stained slides, were virtually the same as those previously described for adult porcine pituitary (Torronteras et al., 1993a) . However, a difference in results was observed when the development of AP and HRP was reversed. No ISH signal was ob-tained when HRP was revealed before AP and, similarly, the intensity of the IC signal for pituitary hormones was reduced when second antibodies were applied before the development of cell-bound APlabeled probe. These results indicate that immunostaining should be carried out after hybridization with probes that detect relatively scarce "As and, conversely. that no loss of pituitary hormone antigens results after hybridization with the cDNA probe.
With the optimized double-labeling method described here, Gonadotropes (GtH) 13.3 85.7 15.8 11.4 Mammotropes (PRL) 38.9 88.0 46.0 34.3 Adrenocorticotropes (ACTH) 7.4 71.9 7.1 5.3 %IR/T, percentage of immunoreactive cells with respect to total pituitary cell population; %ISH-IRIIR, percentage of double-labeled cells (GHF-1 mRNA + hormone) with respect to immunoreactive cells; %ISH-IRIISH, percentage of double-labeled cells with respect to total GHF-1 mRNA-labeled cells; %ISH-IRIT, percentage of double-labeled cells with respect to total pituitary cell population.
we have demonstrated the presence of GHF-1 transcripts in all five cell types of the adult porcine anterior pituitary. The expression of this transcription factor has been shown in PRL, GH, and TSH cells in all the species studied (Doll6 et al., 1990; Ingraham et al., 1990a; Simmons et al., 1990; Bodner et al., 1988) , and studies on DNA binding, gene transfer, and in vitro gene transcription underscore the importance of GHF-1 for regulation of the transcriptional activity of PIU, GH, and TSH genes (Steinfelder et al., 1991 (Steinfelder et al., ,1992a Mangalam et al., 1989; Bodner and Karin, 1987; Lefevre et al., 1987; Nelson et al., 1988; Ingraham et al., 1988; West et al., 1987; Ye and Samuels, 1987) . However, results on pituitary gonadotropes and corticotropes are in some ways contradictory. For example, only one study has reported the presence of GHF-1 mRNA in adult rat GtH and ACTH cells , although no GHF-1 protein was detected in these cell types by immunocytochemistry. Similarly, Lloyd et al. (1992 Lloyd et al. ( ,1993 have demonstrated GHF-1 transcripts in all subtypes of human pituitary adenomas, including GtH and ACTH tumors. In both studies, possible crosshybridization with other members of the POU family (i.e., Oct-1 or Oct-2) was excluded by the use of GHF-1 probes lacking the POUspecific domain and the POU homeodomain. In our case, when an oligonucleotide probe corresponding to nucleotides 284-312 (outside the POU domains) coding for amino acids 56-64 of rat GHF-1 was used, transcripts were found in all the five cell types, as for the cDNA probe containing the entire coding region. Because in the rat GHF-1 protein was detected only in some cell types (i.e., PRL, GH, and TSH cells), a restriction of expression of this transcription factor in some types of pituitary cells at the translational level has been suggested . It is noteworthy that in most studies reporting the lack of GHF-1 mRNA in ACTH and GtH cells in normal or adenomatous pituitaries of several species, ISH was carried out on paraffin or frozen sections (Asa et al., 1993; Delhase et al., 1993; Inada et al., 1993; Doll6 et al., 1990; Ingraham et al., 1988 Ingraham et al., ,1990a Bodner et al., 1988) . In contrast, in the study of Simmons et al. (1990) and in ours, both reporting the presence of GHF-1 transcripts in all pituitary cell types, dispersed anterior pituitary cells were used for ISH detection. The higher amount of mRNA present in whole cells compared to that exposed on the surface of sections could result in a better sensitivity of the technique and might thus account for the differences observed in the results. Finally, species-specific differences cannot be ruled out although, at least in the rat, studies showing both the presence of GHF-1 mRNA [Simmons et al., 1990 (dispersed pituitary cells)] or the lack thereof [Bodner et Ingraham et al., 1988 (frozen sections)] in ACTH and GtH cells have been reported.
Measurement of mRNA GHF-l expression by quantitative radioactive ISH showed differences between normal rat pituitary cells and human pituitary adenomas (Lloyd et al., 1993) . PRL and GH adenomas had significantly more silver grains per cell than ACTH, FSHILH, and TSH tumors, whereas in the adult rat, GH, ACTH, and GtH cells showed the highest level of GHF-1 expression. Similarly, percentages of GHF-1 mRNApositive cells varied among species. In fact, not all GH-, PRL-, and ACTH-immunoidentified porcine cells expressed GHF1, as reported for these cell types in the rat . These results suggest that GHF-1 expression may be modulated by factors that differ in type, concentration, or activity, depending on the species. Although double IC studies for pituitary hormones and GHFl protein were not carried out in this study, the proportion of cells immunoreactive for GHF-l in the porcine pituitary (72.2%), as measured by single IC using a specific antiserum against GHF-l (Bodner et al., 1988) , correlated well with the number of GHF-1 mRNApositive cells reported here (71.7%). Further studies of GHFl protein expression and research on other factors restricting or enhancing GHF-1-dependent truns-activation will be required to determine the contribution of GHF-1 to specific expression of pituitary hormone genes.
